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ABSTRACT
We report the detection of a highly collimated linear emission-line structure in the spiral galaxy NGC 232 through
the use of integral field spectroscopy data from the All-weather MUse Supernova Integral field Nearby Galaxies
(AMUSING) survey. This jet–like feature extends radially from the nucleus and is primarily detected in [O III]λ5007
without clear evidence of an optical continuum counterpart. The length of the radial structure projected on sky
reaches ∼ 3 kpc, which makes NGC 232 the second longest emission-line jet reported. The ionized gas presents
extreme [O III]/Hβ and [N II]/Hα line ratios, increasing along the jet-like structure. We discuss three possible
scenarios to explain the observed structure: (i) direct ionization of in-falling material from the intergalactic medium
by the AGN; (ii) photo-ionization by an un-detected optical counter-part of the radio jet and (iii) fast shocks ionization
due to the lateral expansion of the radio jet across the ISM. Our analysis favors in-situ ionization.
Keywords: galaxies: individual (NGC 232) — galaxies: ISM — galaxies: jets — galaxies: spiral —
ISM: jets and outflows — radio continuum: galaxies
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1. INTRODUCTION
In active galactic nuclei (AGN), the primary source of
ionizing photons responsible for exciting the extended
emission-line regions (EELR) comes from the accretion
disk in the nucleus. However, in the case of colli-
mated radio jets with enhanced optical emission lines,
the source of the ionization is still an open question. It
has been proposed that the ionizing continuum in this
case is generated in situ (e.g., Binette et al. 1993). Two
possibilities have been suggested for generating such lo-
cally produced continua: 1) by lateral fast shocks along
the relativistic radio jet as it propagates in the ISM (e.g.,
Axon et al. 1989; Fraix-Burnet 1992; Sutherland et al.
1993), and 2) synchrotron emission from the radio jet
itself (e.g., Jarvis 1990). Nevertheless, direct ionization
by the AGN cannot be excluded.
The EELR of Seyfert galaxies is usually studied in
[O III]λ5007, a feature that shows a wide of shapes.
These are typically broadly conical or clumpy and ra-
dially elongated, ranging in lengths from hundreds to
thousands of parsecs. EELRs are frequently, but not al-
ways, aligned with radio jets (e.g., Capetti et al. 1995b;
Husemann et al. 2008) when such a jet is present. Gen-
erally, the emission line gas associated with the jets is
observed as outflowing material from the core of galax-
ies, but in some cases it can be observed as inflowing
gas (e.g., Jarvis 1990). In a small number of cases, such
as 3C 120, the host galaxy, AGN and the jet have been
observed in many different bands from radio to X–rays,
including integral field spectroscopy (e.g., Axon et al.
1989; Hjorth et al. 1995; Sa´nchez et al. 2004; Garc´ıa-
Lorenzo et al. 2005), providing a better understanding
of the physical processes involved.
In this Letter we present the detection of a highly col-
limated jet-like structure in NGC 232 observed in optical
emission-lines. The possible driving sources of the ob-
served structure and its correspondence to a radio emis-
sion are discussed.
2. DATA
NGC 232 is an Sa galaxy located at z = 0.022, at a
distance of 91.3 Mpc (e.g., Amanullah et al. 2010), and
is part of a group of galaxies that also includes NGC 235.
It has been classified as a luminous infrared galaxy (e.g.,
Sanders et al. 2003) and as a radio–quiet source (e.g.,
Condon et al. 1998; Hill et al. 2001). The luminosity
at 1.4 GHz is L1.4 = 5.96× 1022 W Hz−1 (e.g., Corbett
et al. 2002).
NGC 232 was observed on 2015 June 26th during the
first semester of observations (095.D-0091; PI Anderson)
of the All-weather MUse Supernova Integral field Nearby
Galaxies (AMUSING, Galbany et al. 2016) survey with
the Multi Unit Spectroscopic Explorer (MUSE, Bacon
et al. 2010) on the ESOs Very Large Telescope UT4
(Yepun). MUSE is an integral-field spectrograph (IFS)
with a large field-of-view (FoV) of 1 arcmin2 and a high
spatial sampling of 0.2′′ spaxel−1. It covers the wave-
length range between 4750 and 9300 A˚, with a constant
spectral sampling of 1.25 A˚ and a spectral resolution of
FWHM ∼ 2.6 A˚. A total integration time of ∼ 2000 s
was performed on source. Data reduction is described
in Galbany et al. (2016) & Kru¨hler et al. (2017). The
final dataset comprises one cube of ∼ 100, 000 individ-
ual spectra with a spatial resolution determined by the
average seeing during the observation ∼ 0.′′67 (∼ 300 pc
at the distance of NGC 232, using a standard cosmol-
ogy of Ho =70 km s
−1Mpc−1, Ωm =0.27, ΩΛ =0.73).
In addition we use radio maps extracted from the Very
Large Array (VLA) archives, observed at a frequency of
1.4 GHz (VLA AM384 project). Its synthesized beam
is 3.′′22× 1.′′66, with a PA = -19.7 ◦. Thus, the VLA im-
age has a coarse spatial resolution compared to the IFS
data.
3. ANALYSIS
The data were analyzed using the Pipe3D pipeline
(e.g., Sa´nchez et al. 2016), a code created to deter-
mine the stellar content and ionized gas properties of
IFS data. In summary, the continuum is modeled as a
combination of synthetic stellar populations of different
ages and metallicities. Once the best stellar model for
each spaxel has been determined, it is subtracted from
the original data cube to obtain a pure emission-line gas
cube. Each emission-line profile is then modeled using a
single Gaussian function to determine the corresponding
fluxes and errors, together with its velocity and velocity
dispersion. The result of the fitting procedure is a set
of bi–dimensional maps comprising the spatial distribu-
tion of the flux intensities for each analyzed emission
line including Hα, the [N II]λλ6548,6584 doublet, Hβ,
[O III]λλ4959,5007 and other weak emission lines.
4. IONIZED GAS AND KINEMATICS
In Fig. 1 we present a color-coded composite im-
age of NGC 232. The high spectral and spatial reso-
lution of MUSE allows us to clearly identify the spi-
ral arms together with the clumpy structures associated
with H II regions. Noticeably, an extended structure
in [O III]λ5007 emission (hereafter [O III]) is present
(displayed in blue). This shows a collimated structure
that resembles that found in radio galaxies. This jet–
like structure is stronger in [O III], but it is also de-
tected in Hα, [N II], [S II] and at a lower signal to noise
(S/N) in Hβ. The elongated emission structure is char-
acterized by a PA[OIII] of 163
◦, which differs by ∼ 20◦
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Figure 1. Main panel : RGB color image of NGC 232: Hα intensity in red, V-band intensity in green and [O III]λ5007 intensity
in blue. White contours trace the Hα velocity map in steps of 50 km s−1, with the solid contours displaying receding velocities
and the dashed countours the approaching velocities. The black solid line indicates the location of zero velocity. The bottom-left
inset shows the co-added spectra (within a resolution element of ∼ 0.′′67) for three different positions located at (i) the nucleus
(red), (ii) the disk (blue), and (iii) the elongated emission-line structure (orange). Each location is marked with an arrow
in the main panel. These spectra cover the wavelength range of Hβ to [O III]λ5007 with the flux shown in units of 10−16
erg s−1 cm−2 A˚−1. The upper-right inset shows the [O III] intensity map in logarithmic scale using colors and zoomed in at the
location of the jet structure. On-top of that image is superimposed the contour map of the 1.4 GHz radio emission obtained
by the VLA, with the contour levels being 0.35, 2.1, 6.7 and 15.4 mJy/beam intensities, respectively. The white straight lines
indicate the location of the semi-major (North-East to South-West) and semi-minor (North-West to South-East) axis of the
galaxy. The white dashed-line shows the mean position angle PA[OIII] of the [O III] structure. Upper right panel shows the
velocity field of [O III]λ5007 color-coded in km s−1. The spatial extension of the jet-like structure is shown with a black solid
contour line. Its location is defined by the position where the [O III] intensity reaches ∼ 0.04 × 10−16 erg s−1 cm−2 A˚−1. The
white and black crosses show the photometric (V-band) and kinematic centers, respectively. Bottom right panel shows the
2D position-velocity diagram of NGC 232 relative to its kinematic center. The semi-transparent grey squares represent the
Hα velocity, with the blue (red) squares tracing the maximum (minimum) envelope of these velocities. The blue squares trace
the rotation curve of the galaxy. Orange squares represent the [O III] position-velocity diagram for the jet-like structure. It
comprises those spaxels located within the black contour shown in the upper-right panel.
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from the semi-minor axis of NGC 232. Such a misalign-
ment with the semi-minor axis indicates that the jet-
structure is not perpendicular to the galaxy disk, which
is not uncommon in these kind of objects (e.g., Kinney
et al. 2000). The bottom left inset in the main panel
of Fig. 1 illustrates the Hβ–[O III] spectral range at
three different locations in the galaxy: the nucleus, the
disk and the elongated emission-line region. They high-
light the fact that the relative emission-line intensities
clearly vary with position. In the disk, the Hβ flux is
higher than [O III] as expected for star forming regions,
while [O III] dominates in both the nucleus and the elon-
gated structure. In the nucleus, the strong [O III] line
is compatible with that of an AGN. The presence of a
strong radio-source centered on the nucleus favors the
presence of an active nucleus. The VLA radio contours
are elongated along the same direction as [O III] (top
right inset of main panel). We also note that within
the elongated emission-line structure, the line profiles
are clearly asymmetric, which is indicative of multiple
kinematic components.
The typical shape of a rotating disk is clearly apparent
in the Hα velocity contours shown by the white lines in
the main panel (the zero velocity is aligned with the
semi-minor axis). We should note that the photometric
and kinematic centroid show an offset of ∼ 1′′, as is
usually found in galaxies with an AGN or a disturbed
morphology (e.g., Barrera-Ballesteros et al. 2014).
The [O III] line velocity field shown in the rightmost
top panel of Fig. 1 reveals the kinematics of a different
gas component, mostly that of the jet–like structure.
This becomes obvious from inspection of the rotation
curve (Fig. 1, bottom rightmost panel), in which the
kinematics of the jet–like structure appears blue–shifted
with respect to the overall disk kinematics. In fact,
along the entire jet–like structure asymmetric emission
lines profiles are observed. A double Gaussian model fit-
ting of these emission line profiles reveals two clearly dis-
tinguished components: a narrow one, redshifted, with a
σ ∼ 45 km s−1 width (similar to the one found along the
disk at the same galactocentric distances) and a broader
one, blueshifted (∼ 50 km s−1), with a σ ∼ 130 km s−1,
only present at the location of the jet–like structure.
Both reported velocity dispersions are corrected for in-
strumental resolution.
5. LINE EMISSION ALONG THE JET–LIKE
STRUCTURE
In Fig. 2, we show the spatially resolved [N II]/Hα and
[O III]/Hβ line ratio maps for a region of 8′′×13′′ around
the nucleus. The [O III]/Hβ map reveals the presence
of a collimated line emission structure which could be
associated to the path followed by a radio jet as it prop-
agates radially from the nucleus. The projected width of
the jet–like structure is ∼ 2′′ (∼ 0.8 kpc), which means
that it is transversally resolved. The full length of the
jet–like structure is somewhat uncertain as it presents
two discontinuities in ionization level (as represented
by the [O III]/Hβ ratio): one near the nucleus and the
second one near the outer edge. The length of the main
jet–like structure is ∼ 4.′′5 long (∼ 2 kpc). If we include
the outer segment of ∼ 1.′′5 long (0.6 kpc), the length
becomes 2.6 kpc. On the other hand, if the [O III] emis-
sion from the nucleus was also part of the the jet–like
structure, then the total extent of the jet–like structure
reaches ∼ 3 kpc long. This size is actually a lower limit
since it corresponds to the projected value and we do
not know the orientation angle. Comparing the total
size with other optical emission-line jets (Mrk 3, 250
pc; M 87, 1 kpc; 3C 120, 4.5 kpc. Capetti et al. 1995a;
Jarvis 1990; Garc´ıa-Lorenzo et al. 2005, see their Fig.
6), makes NGC 232 as the galaxy hosting the second
longest optical emission-line jet, so far detected.
Outside the jet–like structure, the [N II]/Hα and
[O III]/Hβ line ratios are consistent with photoioniza-
tion by young stars and a high metallicity gas (e.g.,
Sa´nchez et al. 2015). The location of the strongest
ionization level, as traced by the [O III]/Hβ line ra-
tio, presents wiggles along the radial jet-like emission.
Interestingly, we observe a transversal decrease in the
excitation level away from the inner peak values. This
feature is less evident in the [N II]/Hα panel.
Within the extended jet of 3C 120 the areas with
higher ionization are associated with denser ionized gas
(e.g., Garc´ıa-Lorenzo et al. 2005). Unfortunately, we are
unable to estimate the electron density along the jet of
NGC 232, due to the effect of a telluric absorption on
top of the [S II]λλ6717,6731 lines. Interestingly, the ex-
citation level of the nuclear region gas (Fig. 1) is lower
than the higher values found along the jet–like structure.
The [O III]/Hβ ratio is visible on both sides of the
nucleus although at a much lower ionization level in the
direction of the counter-jet. Interestingly, the radio con-
tours are somewhat elongated along the jet-like struc-
ture, but more so along the counter-jet position. This
suggests that there is evidence of not only an optical
emission-line jet, but also of a much fainter and smaller
counter-jet which may be obscured by the disk itself.
The location of the highest ionization, as traced by
the [O III]/Hβ ratio, presents wiggles in its peak val-
ues. In galaxies hosting radio jets, such wiggles are seen
in their optical continuum emission (e.g., Capetti et al.
1995a). Outflows driven by AGN or star formation simi-
larly show a radial increase in both line ratios ([N II]/Hα
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Figure 2. Color-maps showing the spatial distribution of the line ratios [N II]/Hα (left panel) and [O III]/Hβ (following panel)
for all spaxels with a S/N > 2 in the intensity of each involved emission line. In both panels, the white contour refers to the
line ratio threshold of log([O III]/Hβ) = 0.3, which is used to define our jet-like structure. Boxes of sizes 1.′′8 × 0.′′6 are drawn
in the leftmost-panel along the jet axis. The position of the box centers (black dots) are defined by their respective peak in
[O III]/Hβ ratio (see next panel) within each box. The photometric center is shown with a black star. The black contours in the
[O III]/Hβ map represent the same radio contours as in the top-right inset of Fig. 1. The rightmost panel shows the classical
BPT diagram together with the Kauffmann et al. (2003) (black dashed-line) and Kewley et al. (2001) (continuous black line)
demarcation curves. The dotted line represents the LINER/Seyfert transition according to Kewley et al. (2006) (with LINERs
typically below this curve). In this BPT panel, the red contours represent the location of all line ratios that lie outside the white
contour on both the [N II]/Hα and [O III]/Hβ panels. The outer (inner) red contour encloses 68 (34) percent of the spaxels,
respectively. The red filled-circles in the BPT diagram represent the location for the co-added fluxes within each black box (see
leftmost panel). The black filled-star represents the values corresponding to the box at the nucleus location. The size of each
filled marker represents its projected radial distance with respect to the photometric center, being the largest ones the farthest
from the nucleus. The closest (farthest) is at 1.′′3 (6.′′2).
and [O III]/Hβ) (e.g., Cecil et al. 2001; Lo´pez-Coba´
et al. 2017). We emphasize, however, that in such cases
the ionization maps typically reveal a broadly conical
or filamentary emission-line structure, unlike NGC 232
which clearly shows a collimated structure. In either
case, the increase in the above ratios is compatible with
either shock (or fast shock) ionization or photoioniza-
tion by a power-law ionizing source. The interaction of
radio jets with the ISM or the halo gas can induce jet–
driven shocks at its outskirts (see for example, Clark
& Tadhunter 1996; Solo´rzano-In˜arrea et al. 2001). The
head-on shock morphology in this case would result in
a bow-shock or a shell. However, such morphology is
not observed around our collimated emission structure.
At best, as discussed below, lateral fast shocks could be
occurring in the jet transversal walls and generate an
in situ continuum (e.g., Sutherland et al. 1993; Capetti
et al. 1995a; Sa´nchez et al. 2004).
In Fig. 2, we also show the distribution of the ionized
regions across the classical BPT diagram (e.g., Baldwin
et al. 1981) together with the usual demarcation curves
from Kewley et al. (2001) and Kauffmann et al. (2003)
which attempt to separate ionization by star formation
from that by AGN ionization. The intermediate region
between both curves is frequently interpreted as a com-
bination of different ionization sources. The majority of
the spaxels (external red contour, 68%) lying in the disk
fall within this mixing region. This could be due to the
presence of a hard ionization source, like an AGN, alter-
ing the line ratios from star-forming regions, a process
which is evident within the disk. A set of co-added spec-
tra were extracted for different rectangular apertures of
1.′′8× 0.′′6 along the jet structure (as defined in Fig. 2).
Their location within the BPT diagram is represented
by red filled-circles. Surprisingly, the ionization level at
the nucleus is not the highest found. In fact, the further
away from the nucleus the boxes lie, the higher their
[O III]/Hβ ratio tends to become. The most common
behavior in EELRs ionized by an AGN is the opposite
(e.g., Husemann et al. 2014).
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6. DISCUSSION AND CONCLUSIONS
We report the detection of a tightly collimated struc-
ture of high ionized gas in NGC 232 of ∼3 kpc in length,
aligned with the radio emission. The nature of this
jet-like structure is uncertain. Three possible scenarios
could explain the results: (i) ionization by the AGN of
in-falling gas from the intergalactic medium (e.g., Huse-
mann et al. 2011); (ii) in-situ photo-ionization by an
undetected radio jet that extends from the radio fre-
quencies to the optical-UV domain (e.g, M87, 3C 31,
3C 66B, 3C 273 Butcher et al. 1980; Miley et al. 1981;
Tarenghi 1981; Ferrari & Pacholczyk 1983; Lelievre et al.
1984); and (iii) in-situ fast shocks induced by the lateral
expansion of a radio jet across the interstellar medium
that surrounds the radio jet (e.g. Axon et al. 1989; Perl-
man et al. 1999; Sa´nchez et al. 2004).
The observed jet-like structure makes direct AGN ion-
ization unlikely. However, this could be possible in the
presence of highly collimated in-falling pristine gas, that
indeed has been observed in a few AGN (e.g., Husemann
et al. 2011). Gas could be in-falling either (a) at the far
side of the disk structure, or (b) in front. The first case
is unlikely due to obscuration by the dust, that would
make it undetectable or distort its apparent shape due
to the differential extinction across the disk. In the sec-
ond case, it is expected that the in-falling gas would be
redshifted with respect to the systemic velocity, contrary
to what is observed (Fig. 1 and §4). Thus, in-falling gas
onto the AGN is unlikely, irrespectively of the ionizing
source.
In order to explore the possibility of photoionization
by the radio jet, we extrapolate the observed radio fluxes
to UV frequencies (e.g., Griffith et al. 1994; Condon
et al. 1998; Corbett et al. 2002; Schmitt et al. 2006).
Due to the coarse resolution of the radio maps this flux
may be partially originated by a synchrotron jet. A
power–law slope of α = −0.8 is derived by fitting the
multi-frequency radio data. Then we integrate the
spectra beyond the ionization limit (i.e., 13.6 eV), and
estimate that the ionizing flux is ∼ 7.2 × 1050 photons
s−1. The Lyman continuum photons needed to pro-
duce the observed Hα flux along the jet–like structure is
∼ 3.2× 1052 photons s−1 (Osterbrock 1989). The miss-
match between both quantities would be even larger
considering that the covering and filling factors would
be always lower than unity (e.g., Heckman et al. 1993).
Thus, in-situ ionization by the synchrotron radiation of
the radio jet is also unlikely.
The fact that the synchrotron radiation of the radio
jet is not observed in the optical regime (contrary to
the case of M 87, e.g., Jarvis 1990) is due to its ex-
pected surface brightness. The 3σ detection limit of our
MUSE data along the jet–like structure in the g–band
is gAB = 19.1 mag arcsec
−2. The extrapolation of the
radio emission to the optical regime, using α = −0.8,
indicates that the expected surface brightness would be
gAB = 23.1 mag arcsec
−2. Thus, it would remain unde-
tectable in our current data.
Jet/cloud interactions may produce structures similar
to the ones reported here (e.g., Best et al. 1997; Clark
et al. 1998; Tilak et al. 2005), although somehow less
collimated. Sometimes, they produce bow-shocks or
shell-like structures (e.g. Clark & Tadhunter 1996; Fer-
ruit et al. 1999). Therefore, in-situ ionization due to
fast shocks associated with lateral expansion of the ra-
dio jet is a more plausible explanation to the observed
structure (e.g. Axon et al. 1989). Furthermore, the pres-
ence of a broad emission-line component associated with
the jet-like structure supports this scenario. It is clear
that higher resolution radio data and deeper optical and
emission-line images will be required to improve our un-
derstanding of the various physical processes that gen-
erate the reported emission-line jet in NGC 232.
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